Since early 2015 a new radial velocity monitoring campaign is going on at the University Observatory Jena. The aim of this project is to obtain current radial velocity measurements of selected single-lined spectroscopic binary systems, to redetermine and/or constrain their orbital solutions. In this paper we characterize the properties of the target sample of the project, describe the spectroscopic observations, the data-reduction and analysis and present the first results of the project, taken with the fiber-linked astronomical spectrograph FLECHAS. We present 391 radial velocity measurements of eight spectroscopic binaries, which were taken within an epoch difference of 1.6 years. These radial velocities were used to determine the spectroscopic orbital elements of the observed binary systems, which exhibit orbital periods in the range between nearly one up to several dozens of days. We could constrain the orbital solutions of seven of these binary systems, and redetermine the orbital solution of ϕ Dra, whose orbit exhibits > 4 times longer orbital period and is more eccentric than given in the 9th Catalogue of Spectroscopic Binary Orbits.
Introduction
The University Observatory Jena is located close to the small village Großschwabhausen (GSH), west of the city of Jena (Pfau 1984) . The observatory is equipped with a 90 cm-reflector that can be operated as a Nasmyth-telescope (D = 90 cm, f/D = 15) for spectroscopic observations. In 2013 a new fibrelinkedÉchelle spectrograph (Mugrauer et al. 2014 ) was installed. Among the first observing campaigns carried out with FLECHAS (Irrgang et al. 2016 ), a new radial velocity (RV) monitoring program of selected spectroscopic binaries was started in early 2015 in addition to the Großschwab-hausen binary survey . The aim of this new project is to obtain current RV data of spectroscopic binaries and to redetermine or better constrain their orbital solutions. The binary systems selected for the RV monitoring campaign were taken from the 9th Catalogue of Spectroscopic Binary Orbits (SB9 here after, see Pourbaix et al. 2004) , which contains orbital elements of several thousand spectroscopic binary systems in its current version 1 . The binaries in this catalog are listed with different orbit grades, which define the precision of their orbital solution, ranging from 0 for a poor to 5 for a definitive orbit determiBased on observations obtained with telescopes of the University Observatory Jena, which is operated by the Astrophysical Institute of the Friedrich-Schiller University.
Corresponding author: e-mail: richard.bischoff@uni-jena.de 1 The catalog is available online in the VizieR database, or at: http://sb9.astro.ulb.ac.be/mainform.cgi nation. For the FLECHAS project we selected single-lined spectroscopic binaries from this database as targets, which (a) are observable throughout the whole year at airmasses X < 2.5 (Dec > +62
• ), (b) are bright enough (V ≤ 6 mag) to obtain spectra with a sufficiently high signal-to-noise ratio (SNR) > 100 with FLECHAS at short integration times of only a few minutes, (c) exhibit orbit grades up to 4, that are binary systems, whose orbital solutions still need to be correctly determined or be further constrained. In total, 20 targets were identified in the SB9 for the project and observations were carried out so far for those eight binary systems which exhibit the largest RV semi-amplitudes. The properties of the observed targets are summarized in Tab. 1.
In section 2 we will describe the observations carried out with FLECHAS. In the following section we present the obtained RV measurements of all observed spectroscopic binaries used to derive the orbital elements of these systems. The obtained orbital solutions of the systems are presented in section 4 and discussed in detail in the final section of this paper.
Observations and data reduction
In the course of our RV monitoring campaign between February 2015 and September 2016, spectroscopic data of all observed targets were taken with FLECHAS at multiple observing epochs (more than 40 for each target). For the spectroscopic observations the full resolving power of the spectrograph of R ∼ 9300 was used, and spectra with signal-to-noise ratio (SNR) between 120 and 385 (as mea- sured at 6520Å, dependent on the weather and atmospheric seeing conditions) were recorded for all observed spectroscopic binary systems, which was sufficiently high to obtain accurate RV measurements for all our targets. Further details of the observations are summarized in the observing log Tab. 2. In all observing epochs, three spectra of each target with an individual integration time of 150 s were recorded, in order to achieve sufficiently high SNR and to optimally remove cosmics detected in the individual spectra. For calibration purposes, we have always taken three spectra of a ThAr-lamp (with more than 700 lines detected) for the wavelength calibration before the spectroscopy of each target. Furthermore, we obtained three well-exposed flat-field frames of a tungsten lamp each with an integration time of 5 s and then started the observation of spectroscopic binaries. In addition, each night, dark frames with the corresponding integration times were taken in the evening or morning twilight.
The reduction of all spectroscopic data was done with the FLECHAS software pipeline, which was developed at the Astrophysical Institute Jena and is optimized for the reduction of FLECHAS data. The pipeline includes the darksubtraction and flat-fielding of all spectroscopic data, as well as the extraction, wavelength calibration and averaging (including cosmic removal) of all individual spectral orders (Mugrauer et al. 2014) .
So far, 391 RV measurements have been taken of the observed eight spectroscopic binaries, which results in a total on source integration time of about 49 hr.
Radial velocity measurements
The Standard IRAF script splot for the analysis of spectroscopic data was used to determine the RVs of all observed targets at the individual observing epochs. The routine includes Gaussian fitting, which was used within the cores of the spectral lines, which are dominated by Doppler broadening, to determine the wavelength of the line centers. In order to obtain the RVs of the targets, we determined the central wavelengths λ of the hydrogen Balmer lines (H α : λ 0 = 6562.81Å, H β : λ 0 = 4861.34Å and H γ : λ 0 = 4340.48Å). The Balmer lines of all spectra are within the spectral range of FLECHAS and therefore well detected. The measured shift of wavelength (λ − λ 0 ) of a spectral line yields the RV of the star:
where is c the speed of light and BC the barycentric correction which accounts for the RV offset between the observing site and the barycenter of the solar system. Consequently, each Date of Observation was corrected from the Julian Date to receive the Barycentric Julian Date (BJD). The determined average RVs of all targets are illustrated in Fig. 1 and are summarized in the Appendix in Tab. A1 to A8 for all observing epochs. The RV precision achieved in our project is in the level of 1 km/s, on average, and ranges between 0.7 and 2.1 km/s for the individual targets.
Besides the RV measurements, we also tested the stability of the wavelength calibration of the spectrograph by measuring the wavelengths of several selected telluric lines in all available spectra. No trends or strong deviations in the calibration were found throughout the observations, and the wavelength scatter measured for the telluric lines (0.7 km/s to 1.8 km/s) corresponded to an RV variation that is consistent with or even smaller than the achieved typical RV precision of the observed spectroscopic binary systems. Hence, the wavelength calibration of FLECHAS can be considered as stable in the long term.
Orbit determination
The RV of the primary component on a spectroscopic orbit around the barycenter of a binary system can be calculated via
with the semi-amplitude K, the argument of periastron ω, the eccentricity e, and the true anomaly ν of the star on its orbit, as well as with the systematic velocity γ, that is, the RV of the barycenter of the binary system. The semiamplitude K depends on the orbital period P , and the minimum semi-major axis a sin(i) of the Keplerian orbit of the star, which is typically inclined to the plane of the sky by the inclination angle i:
We determined the orbital elements and their uncertainties for all observed spectroscopic binaries by fitting spectroscopic orbital solutions on the obtained RV data of the targets, using the method of least squares. Therefore, we calculated and minimized the chi-squared value and started the fitting procedure from an initial orbital period, derived by three different period determination algorithms, namely the normalized periodogram (Lomb 1976 & Scargle 1982 , the string length (Dworetsky 1983) , and the phase-dispersionminimization method (Marraco & Muzzio 1980) with the spectroscopic binary solver (Johnson 2004 ). All these methods yield very similar results, whose average was adopted as initial period for the orbit determination. For CO Cam (e = 0.000 ± 0.012), HR 791 (e = 0.000 ± 0.012), HR 1401 (e = 0.003 ± 0.008) and 71 Dra (e = 0.000 ± 0.008), the obtained orbital solutions are consistent with circular orbits. Therefore, in these cases the orbit fitting was repeated using a fixed orbital eccentricity e = 0 and argument of periastron ω = 0
• . The derived spectroscopic orbital elements of the systems with their uncertainties are summarized in Tab. 3 for the circular systems and Tab. 4 for the eccentric systems, respectively. The fitted and phase-folded RV curves of the determined orbits are illustrated, together with the RV data of all observed spectroscopic binaries, in Fig. 1 .
Discussion
In the course of our RV monitoring campaign of selected spectroscopic binary systems, a large number of RV measurements (more than 40, spanning 2 up to 179 orbital periods) have been collected with FLECHAS for all observed eight targets sufficiently. For these systems with nondefinite orbital solutions (all with orbit grades of less than 5, listed in the SB9) we were able to redetermine and/or to constrain their spectroscopic orbital elements, which are summarized in Tab. 3 and Tab. 4.
For all systems, orbital solutions were determined with the least-squares fitting of spectroscopic orbits on the given RV measurements, which all exhibit reduced chi-squared values of χ 2 red ∼ 1. This yields phase-folded RV curves, which are homogeneously covered with data points, whose uncertainties are all significantly smaller (by factors of 25 to 50) compared to the derived semi-amplitudes of the observed spectroscopic binary systems. Hence, for all systems the RV variation of their primary stars, induced by the motion of the stars around the barycenters of the systems, could be well detected and modeled by Keplerian motion.
For all but one system, the derived orbital periods deviate from the values given in the SB9 only on the per mille level. The largest deviation of 5 per mille was found for ω Cas (a Grade = 3 system). In the case of ϕ Dra, which is classified as a Grade = 1 system in the SB9 catalog, we obtain an orbital period of 128.165 ± 0.025 days, which is about ∼ 4.8 times longer than the given period in the SB9 catalog. Hence, the orbital elements of this spectroscopic binary system need significant modification to fit our RV data. Actually, besides the official value of 26.768 days in the SB9 for ϕ Dra, a longer period of 127.85 d is noted (uncertainty is not given), which is in good agreement with the orbital period of the system derived from our RV measurements. Furthermore, our orbit solution of the ϕ Dra system also exhibits a significantly higher eccentricity compared to the orbit given in the catalog.
In contrast of ϕ Dra, the obtained orbital eccentricities of all the other observed spectroscopic binary systems are consistent with those given in the SB9 catalog, with deviations of less than 0.04. All observed spectroscopic binary systems with orbital periods of only a few days exhibit almost circular orbits, while the orbits of systems with periods of a few dozens of days are significantly more eccentric (Mayor & Mermillio 1984) , up to e = 0.675, in the case of ϕ Dra.
Also, the determined semi-amplitudes of the binary systems are consistent on the 1 km/s level with the values listed in the SB9, except for the Grade = 3 system CO Cam, whose semi-amplitude is 9 km/s larger in our orbital solution compared to the value published in the SB9. The same result was found for the systematic velocities of all observed spectroscopic binaries, except for the Grade = 3 system HR 1401, whose systematic velocity derived by us deviates by 4 km/s from the orbital solution published in the SB9.
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[ As expected, the orbital solutions of all Grade ≥ 2 systems agree well with the spectroscopic orbits obtained from our RV measurements, and only exhibit smaller deviations. Our RV measurements constrain the orbital solutions for these spectroscopic binaries, which therefore should be classified as Grade = 5 systems from now on. In contrast, the orbital elements of the Grade = 1 system ϕ Dra, listed in the SB9, were all proven to be incorrect, and our RV measurements could be used to redetermine the spectroscopic orbital solution of this system.
From the determined orbital elements of the observed spectroscopic binary systems, we can derive their mass function f (m) and the minimum semi-major axis a sin(i) of the orbits of their primary components, which are summarized in Tab. 5. The mass function of a binary system and the minimum semi-major axis of its primary star are both dependent on the orbital eccentricity e, period P , and semi-amplitude K given by
The observed spectroscopic binary systems exhibit massfunctions in the range between 0.015 M and 0.422 M with minimum semi-major axes of their primaries ranging between 0.0084 au and 0.2371 au. While the mass functions and minimum semi-major axes of HR 791, HR 1401, 71 Dra and ω Cas agree very well with the values listed in the SB9, those of ϕ Dra and CO Cam in particular deviate significantly. In the case of ϕ Dra, this deviation is due to the longer orbital period derived from our orbit fit, while for CO Cam the deviations result from a larger RV semiamplitude. Furthermore, for α Dra and OS UMa the mass functions and minimum semi-major axes deviate from the SB9 value by 17 % and 6 %, respectively, because of different RV semi-amplitudes.
As our RV monitoring campaign is an ongoing program, further RV measurements of spectroscopic binary systems will be undertaken in the future, and we want to collect RV measurements of all the remaining spectroscopic binaries from our original target list, which exhibit smaller RV semi-amplitudes, until precise orbital solutions for all these systems can be derived from our RV data. Furthermore, we plan to extend the project and monitor additional circumpolar spectroscopic binaries with nondefinite orbital solutions, which are located at lower declinations. The new RV measurements and derived orbital solutions, which will be obtained and derived in the course of our spectroscopy campaign in the future, together with the data presented in this paper, will be available online at VizieR (Ochsenbein et al. 2000) .
of the SIMBAD and VizieR databases, operated at CDS, Strasbourg, France. Table A2 : RV measurements of HR 791. Table A4 : RV measurements of 71 Dra. Table A6 : RV measurements of ω Cas. Table A8 : RV measurements of ϕ Dra.
